Introduction
eukaryotic cells contain numerous membrane-enclosed compartments, each with a distinct biochemical function and composition. Proteins and lipids are continuously exchanged between these compartments, and this process is largely mediated through vesicular traffic. This traffic occurs via transport vesicles (typically 50-100 nm in diameter) that bud from the donor membrane, translocate through the cell and then fuse with a specific acceptor compartment. The integrity and specificity of this process is essential to the maintenance of distinct compartments/ organelles in eukaryotes and the organism as a whole, as evidenced by the hundreds of human disorders that result from defects in membrane traffic [1, 2] . The formation of a vesicle is a complex process that involves the sequestration of cargo proteins and vesicle identifiers into a nascent bud in a process that includes the deformation of the planar membrane and eventually the scission of the mature bud from the donor membrane. At the core of these events is Abstract eukaryotic cells require selective sorting and transport of cargo between intracellular compartments. This is accomplished at least in part by vesicles that bud from a donor compartment, sequestering a subset of resident protein "cargos" destined for transport to an acceptor compartment. A key step in vesicle formation and targeting is the recruitment of specific proteins that form a coat on the outside of the vesicle in a process requiring the activation of regulatory GTPases of the ARF family. Like all such GTPases, ARFs cycle between inactive, GDP-bound, and membrane-associated active, GTP-bound, conformations. And like most regulatory GTPases the activating step is slow and thought to be rate limiting in cells, requiring the use of ARF guanine nucleotide exchange factor (GeFs). ARF GeFs are characterized by the presence of a conserved, catalytic Sec7 domain, though they also contain motifs or additional domains that confer specificity to localization and regulation of activity. These domains have been used to define and classify five different sub-families of ARF GeFs. One of these, the BIG/GBF1 family, includes three proteins that are each key regulators of the secretory pathway. GeF activity initiates the coating of nascent vesicles via the localized generation of activated ARFs and thus 1 3 the recruitment of proteinaceous coats onto the cytoplasmic aspects of the nascent buds to facilitate both protein sequestration and membrane deformation to produce a vesicle. Directed transport of the mature carriers, docking and fusion at the appropriate acceptor membrane, and recycling of needed components to continue this process are also key steps in this constitutive process in all eukaryotic cells but are not discussed in any detail in this review.
One assumes (albeit this has not been experimentally tested) that vesicles are formed only when transport between compartments is necessary and when all the machinery required for transport is available. This implies that the cell has mechanisms for sensing the growing need for vesicle generation in each compartment, the availability of sufficient vesicle budding factors and other traffic regulators, and the means to convey that information to the relevant initiators of vesicle budding to initiate vesicle formation at the relevant site. Members of the ARF family of regulatory GTPases have been found to be key components in the initiation process and they in turn are thought to be activated in cells by ARF guanine nucleotide exchange factors (GeFs). Yet, our understanding of how ARF GeFs are "notified" to initiate coating in time and space is incomplete. This contrasts with the wealth of knowledge on the regulation of GeFs for other small GTPases such as Ras and the trimeric G proteins. Indeed, members of the large family of heptahelical G protein coupled receptors (GPCRs) are GeFs that activate G proteins via promotion of guanine nucleotide exchange on the alpha subunits and are the paradigm for all GeFs. GPCRs are ligand stimulated GeFs, allowing acute regulation of their activity. Their localization on the plasma membrane and specificity for both ligand activators and downstream signaling activation has made them ideal targets for drug development. For these reasons we believe ARF GeFs are also strong candidates for drug discovery, though efforts toward this end are currently hampered by our limited understanding of the activation process for ARF GeFs. As ARF GeFs operate most commonly on intracellular membranes, the development of drugs that can gain access to them is more challenging, but the identification of several agents that specifically target intracellular ARF GeFs (e.g.: brefeldin A, Golgicide, LG186 [3] [4] [5] ) is proof of concept and we hope propels additional attempts to drug this important family of cell regulators. Can we utilize paradigms developed from those earlier studies of other GTPases and apply them to ARFs and ARF GeFs to discover key regulatory aspects of their function? with numerous human diseases with links to defects in membrane traffic it should be obvious that ARF GeFs represent outstanding pharmacological targets. However, lacking biologically relevant "ligands" we will have to work in reverse, from the GTPase to the GeF to the initiator that regulates its function.
ARF GeFs are divided into five families, based on domain organization and conservation of primary amino acid sequence: GBF/BIG, cytohesins, eFA6, BRAGs, and F-box (reviewed in [6] ). each family contains multiple members with a total of 16 genes in humans. The GeFs involved in vesicular traffic belong to the GBF1/BIG family and all are sensitive to brefeldin A (BFA). Only this family of GeFs is present in all eukaryotes, in keeping with their fundamental roles in secretion and organellogenesis. The BFA-sensitive GeFs are large proteins (>200 kDa) and thus we use the terms large GeFs and GBF1/BIG family interchangeably herein.
In this review we will summarize the current knowledge of how the GBF1/BIG class of GeFs are regulated in the immediate and long-term to respond to cellular demands for vesicle traffic. we discuss issues regarding specificity for their ARF substrates, mechanisms by which the large GeFs are recruited to membranes, the paradoxical role of the active GTPases in GeF recruitment, and roles for lipids and cargo in recruitment of the GeFs. we then turn to the regulation of the GeF activity itself and the roles of intrinsic and extrinsic factors in that regulation. Throughout this review we pose key outstanding questions regarding GeF regulation that remain to be experimentally resolved or even addressed.
Specificity of ARF activation by GEFs
ARFs were originally discovered as auxiliary agents in cholera-toxin mediated ADP-ribosylation of the α-subunit of heterotrimeric G s protein [7] [8] [9] [10] [11] [12] [13] [14] . This activity of ARFs was found to be absent in the closely related (35-60 % identical) members of the ARF-like proteins (ARLs) family [15] . Along with SAR1, the ARFs and ARLs comprise the ARF family [16] . These proteins were present in the earliest eukaryotes and have been predicted to have arisen in prokaryotes [17] . ARFs have been shown to regulate membrane traffic both directly through recruitment of protein adaptors (the focus of this review) and perhaps less directly via regulation of lipid modifying enzymes that contribute to membrane deformation or signaling. Some of the other non-ARF members of the family (most notably ARL1, ARFRP1, and SAR1) also regulate aspects of integrity or morphology of organelles in the secretory pathway and regulate membrane traffic, though these roles and activities are not discussed in any detail herein.
Mammalian cells contain six ARFs, designated ARF1-6 (ARF2 is absent in humans). The six ARFs are grouped into three classes based on sequence homology at the genomic and protein level and phylogenetic analyses [18] [19] [20] . Class I contains ARF1, ARF2, and ARF3 that share ~96 % identity. Class II contains ARF4 and ARF5 that share ~90 % identity and ~80 % identity with other ARFs. ARF6 constitutes the sole member of Class III and is the least similar to the other ARFs, though still sharing >60 % identity with the others. The high degree of conservation of ARFs in evolution is evident by the 74 % primary sequence identity between human and S. cerevisiae ARFs as well as their functional conservation [21] . Class I and class II ARFs are evolutionarily conserved and at least one member of each class has been described in all eukaryotic organisms. Class I and II ARFs primarily localize to the eR Golgi intermediate compartment (eRGIC), the Golgi, the trans-Golgi network (TGN) and endosomes, and function in regulating membrane traffic. In contrast, the sole class III ARF, ARF6, localizes to the plasma membrane and regulates actin dynamics and endocytosis. The greater divergence in primary sequence of ARF6, together with its known functions, suggests a late evolutionary origin. Indeed, ARF6 appears to be unique to metazoans [22] .
Despite the evidence supporting these generalizations about sites of localization and actions of the different ARFs caution is advised in assuming, for example, that if an ARF is involved at the cell surface it must be ARF6. One reason for this uncertainty is that ARFs can be very abundant proteins, e.g., representing between 0.1 and 1.0 % of total brain protein. Another is that the specificity with which ARF GeFs act on GTPase substrates may not always be conserved between their actions in cells and in in vitro assays. As highlighted below the in vitro ARF GeF assays typically depend upon use of the isolated Sec7d or require other accommodations that compromise the specificity that is so important in cells.
Like all RAS superfamily GTPases, ARFs cycle between a GDP-bound "inactive" conformation and a GTP-bound "active" conformation, though it is more accurate to simply state that the two conformations have different affinities for binding partners. The main differences in these conformational states are found in two regions termed switch I and II, found in all regulatory GTPases as well as an "interswitch toggle" found only in the ARF family [23, 24] . ARFs are also unique in having a third nucleotide-sensitive region, an amphipathic alpha helix at the very N-terminus that includes and is stabilized by the co-translational and covalent addition of myristic acid on the N-terminal glycine [25, 26] . N-myristoylation is essential to ARF actions and confers a lipid/membrane dependence to the activation process. The translocation of ARF from cytosol to the membrane surface is coincident with activation, and is closely linked to the binding and activity of GeFs. ARF activation is mediated by nucleotide exchange, in which the offrate of GDP is increased and GTP is then free to enter the empty site. The release of GDP is catalyzed by the highly conserved Sec7 domain (Sec7d) present in all ARF GeFs and originally identified in the yeast protein Sec7p [27] .
The Sec7d alone is sufficient for catalysis of nucleotide exchange on ARFs. The mechanism of nucleotide exchange on ARFs has been described in exquisite structural detail in work from the Cherfils lab and others [24, [28] [29] [30] [31] [32] [33] [34] .
Structural studies of the ~200 amino acid Sec7d from various species show ten α-helices, designated A-J, which condense in the tertiary structure to form two sub-domains. The first of these is a superhelix of the seven N-terminal alpha helices and the second forms a dense bundle immediately C-terminal to the superhelix. The crystal structures of the Sec7d from human BIG1 (PBD ID: 3LTL), BIG2 (PBD ID: 3L8 N), and the yeast homologues of GBF1, Gea1p (PBD ID: 1Re0) and Gea2p (PDB ID: 1KU1), have been solved and offer us detailed views of both the conserved features and differences.
ARF activation by the Sec7d has been characterized in great structural detail. The current model for the catalytic sequence begins with the binding of the two switch regions in ARF-GDP to a hydrophobic groove on the surface of the Sec7d at the junction of the two sub-domains. This binding triggers a conformational change in ARF that brings the nucleotide binding site into close proximity of a key, highly conserved glutamate residue in the Sec7d, often referred to as the "glutamic finger" (this residue is indicated in Fig. 1 as e794) . This juxtaposes the glutamate with the β-phosphate of GDP. The mutual electrostatic repulsion of the glutamate and phosphate expels the GDP from the nucleotide binding site. GTP then enters the empty nucleotide binding site of ARF and in so doing lowers its affinity for the Sec7d, resulting in its dissociation.
The large GeFs show selectivity for their ARF substrates. experimental evidence shows GBF1 acts preferentially with class I and class II ARFs (ARF1, ARF3, ARF4, and ARF5) [35] , while BIG1 and BIG2 appear to preferentially activate class I ARFs (ARF1 and ARF3) [36, 37] . None of the large GeFs appears to activate class III ARF6. The selectivity of the process is remarkable: despite the fact that ARF1 and ARF3 differ at only seven amino acids in their entire sequence [38] , GBF1 interacts with ARF1 with much greater efficiency than ARF3 [35] . It is worth noting that there might be differences in substrates for GBF1 when assessed by different assays. In vitro assays using crude preparations of GBF1 and ARFs show selectivity to ARF1 and ARF5 [35] . However, in vivo data indicate that GBF1 preferentially binds ARF1 and ARF4 [39] . The detailed mechanism(s) governing the selectivity of GeFs in recognizing their ARF substrates is unknown. Members of the large GeF family also contain several highly conserved regions in addition to the catalytic Sec7d (Fig. 1) . As discussed in more detail below there is growing and already convincing evidence that sequences outside of the Sec7d play important regulatory roles in ARF activation, much of which was lost in earlier studies that employed the isolated
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Sec7d. This situation, often dictated by the large size and lack of suitable preparations of full length ARF GeFs, has begun to change.
Specificity among the six mammalian ARFs for GeFs, GAPs and effectors, is a complicated and poorly understood issue. That these interactions all occur on biological membranes and that the lipid composition likely plays an important part further complicate attempts to resolve the issues. In addition, ARFs may operate at least at times in tandem, as evidenced by the more severe phenotypes observed with dual knockdowns by siRNAs than with any single ARF siRNA [40] . One possible scenario that may help us understand this observation would be if two different ARFs are capable of binding to the Sec7d's in an ARF GeF dimer. Finally, an issue that will need to be further analyzed is the mechanism(s) involved in recruiting ARFs to membranes. Because we know that activated ARFs have higher affinity for membranes than the GDP-bound ARFs it has been assumed that the actions of GeFs lead to the stable association of ARFs during the activation process. while we don't dispute a role for ARF GeFs in such recruitment, there is a growing appreciation for the role played by a smaller, nucleating pool of ARF or ARF family members that may participate in recruiting or activating the GeF. Binding sites for ARF family members on GeFs that are outside of the Sec7d are likely contributors to recruitment of the activators. whether distinct mechanisms are involved in recruiting these two pools of ARFs, or whether perhaps every membrane has on it small pools of loosely bound ARFs, and whether different ARFs play distinct roles are currently poorly understood. Another key question regarding GeF selectivity is whether the GeFs select specific ARFs for activation (assuming that there are multiple possible ARF substrates on the membrane) or whether the ARFs are pre-selected by some other mechanism and the GeFs merely activate whatever ARF is in their proximity. we believe that a better understanding of these questions and the nature of the signal(s) involved in ARF GeF activation, the "ligand equivalents" to the GPCRs, will provide important new information that is essential to an understanding of the cell biology of membrane traffic and its potential for chemotherapeutic interventions. we focus here on the roles of ligand equivalents as activators of the respective GeFs, as we presume that the nature of the GPCR ligands and the ARF GeF "ligands" differs in structure and localization. As we suggest below, ARF GeFs are likely impacted by a collection of low affinity molecular interactions that modulate activity in aggregate and may include protein and lipid components. In contrast, individual GPCRs are usually activated by high affinity ligand binding. while these differences are notable, it remains likely that both classes of GeF need highly localized activators that contribute to the specificity of the generated signal.
Localization of large GEFs to subcellular compartments
The mammalian large GeFs show distinct localization patterns: GBF1 localizes to eR exit sites (eReS), the eRGolgi intermediate compartment (eRGIC), cis-and medial Golgi stacks [35, [41] [42] [43] [44] [45] . The presence of GBF1 in more than one compartment raises the interesting question of how GeFs recognize analogous and dissimilar membrane surfaces. It is possible that GBF1 recruitment to diverse membranes is mediated through one common molecular mechanism but we cannot yet exclude the involvement of different components at each site. BIG1 and BIG2 primarily localize to the TGN [42, 46, 47] . However, BIG2 is also found at recycling endosomes, late endosomes, neuronal of Sec7 1-4. The position of the catalytic e794 "glutamic finger" residue within the Sec7d is indicated. The location of the highly conserved HUS box within the HUS domain is indicated axons, and both pre-synaptic and post-synaptic membranes [48] [49] [50] [51] . whether the same or different mechanisms regulate BIG1/2 membrane recruitment to different compartments is also unknown.
Intrinsic factors that regulate membrane recruitment of GEFs
GeFs activate ARFs only when associated with membranes and promote vesicle formation only from specific membrane sites. This implies that the association of GeFs with membranes is key in regulating the time and place of vesicle formation. Identifying the upstream signaling events regulating GeF recruitment is essential to understand the when and where of vesicle formation. It appears that multiple levels of interactions coordinate GeF recruitment to membranes. we first describe the intrinsic information within GeFs sufficient and required for membrane recruitment. Nothing in biology is simple and it appears that positioning GeFs on membranes is a complex, multicomponents process that involves multiple GeF domains. This may reflect a coincidence detection mechanism or the sequential pairings of necessary components, as described below.
N-terminus
The information sufficient for membrane targeting of large GeFs, excepting the yeast Sec7p, appears to reside in their N-termini: amino acids 1-560 of GBF1, 1-559 of BIG1, 1-552 of BIG2 and 1-453 of the Drosophila BIG ortholog Sec71 alone target to membranes when expressed in cells [42, [52] [53] [54] (but see below regarding the requirement for HDS1 and HDS2 domains). In addition to being sufficient, the N-terminus also appears to be absolutely required for membrane recruitment: deletion of amino acids 1-294 of GBF1 results in loss of membrane association [55] , and even deletion of a much smaller region (amino acids 1-37) leads to decreased membrane association of GBF1 [56] . The N-terminal regions of large GeFs contain two domains with extremely high sequence conservation across species and phyla: the DCB (dimerization and cyclophilin-binding) and the HUS (homology upstream of Sec7d) domain. The DCB domain was first described in the plant A. thaliana large GeF GNOM and shown to mediate DCB-DCB interactions and GNOM dimerization [57] . Similarly, DCB domains of mammalian GBF1 and BIG2 have been shown to interact with the analogous DCB domains by yeast two-hybrid analysis [58] . Based on the high sequence conservation between DCBs in orthologs in all species, it is likely that DCBs facilitate dimerization of all large GeFs. Despite the clear requirement for DCB in membrane association of at least GBF1, the role dimerization may play in GeF association with membranes has not been experimentally addressed.
The N-terminal HUS domain also may participate in membrane recruitment. The HUS domain, and specifically the most conserved region called the HUS box (marked in Fig. 1 as residues 538-545 (LYINYDCD in human GBF1), interacts with the DCB domain in yeast two-hybrid assays [58] . Mutations within the HUS domain (e646G, F481L, F477S, D485G, and F477S) in the yeast GBF1 ortholog Gea2p decrease its membrane association [59] , suggesting that HUS might also regulate membrane dynamics of GeFs.
The N-termini of different GeFs have been shown to interact with small GTPases (ARL1, ARF4, ARF5 and RAB1B), coat components (γ-COPI and GGA), tethering proteins (exo 70), motor proteins (non-muscle myosin 2) and kinases (PKA, AMY-1). Currently known interactors of large GeFs are listed in Table 1 and those involved in regulating GeF recruitment and/or activation are described below.
Sec7d
All large GeFs are cytosolic proteins that move between cytosol and membranes in a regulated fashion that is incompletely understood. Fluorescence recovery after photobleaching (FRAP) analyses of exogenously expressed GFP-tagged GBF1 showed that it associates with membranes in a dynamic manner and rapidly (t 1/2 ~ 18 s) exchanges between cytosol and membranes [45, 60] . The Sec7d appears to influence the residence of the GeF on the membrane through its interactions with its substrate, ARF. Specifically, binding the ARF substrate stabilizes GBF1 on the membrane, as shown by increased residence time on membranes of the catalytically inactive e794K mutant that binds the ARF-GDP substrate but doesn't stimulate GDP expulsion. Similarly, expression of the GDP-restricted T31N mutant of ARF1 increases GBF1 residence on membranes, as does BFA treatment, each of which are thought to increase affinity of the GeF for the GTPase. The cycling dynamics of other large GeFs and any changes that may accompany the interaction of their Sec7d with substrates have not been examined so the generality of these observations remains to be determined.
The Sec7d also can modulate membrane association independently of substrate binding. This is based upon the observation that a mutation of a single residue (G579R) in the Sec7d of GNOM causes membrane dissociation without altering the catalytic activity of this GeF [61] . whether this mechanism is general to all large ARF GeFs or specific to one or a small subset of GeFs is unknown. 
C-terminus
The C-terminal regions of GeFs also may influence membrane association of at least some GeFs. This region contains 3 (GBF1) or 4 (BIG1 and BIG2) HDS (homology downstream of Sec7d) domains (see Fig. 1 ). Deletion of portions of the HDS4 domain (amino acids 1836-1883) in the yeast Sec7p (a BIG1/2 ortholog) results in decreased association with the Golgi [62] . Larger deletions up to the HDS1 domain also decrease association and deletion of the entire C-terminus, including the HDS1 domain, results in near complete loss of Sec7p from membranes. Furthermore, deletion or mutation of only the HDS1 domain also greatly diminishes membrane association of Sec7p. The effects of deletions of HDS1 may be restricted to Sec7p as they are not observed in the yeast Gea1p (a GBF1 ortholog) [63] . However, a C-terminal truncation (amino acids 982-1983) of Drosophila Garz (a GBF1 ortholog) decreases targeting to the Golgi [64] , as does deletion of the C-terminus (removal of amino acids 1060-1859) in GBF1 (e.S., unpublished data). The extreme C-terminus (amino acids 1762-1859) of mammalian GBF1 is dispensable for membrane recruitment [44] . Although the N-terminal region of GBF1 up to the Sec7d appears sufficient for Golgi association in studies from the Melancon group [42, 52] and in our unpublished results, a recent study from the Jackson group reported that deletion of either HDS1 or HDS2 within the context of the full-length protein prevented GBF1 association with the Golgi [65] . They identified HDS1 as a lipidbinding domain, but showed that HDS1 alone did not target to the Golgi. Thus, the mechanism through which HDS1 and HDS2 participate in GBF1 recruitment remains to be determined. Though the mechanism(s) through which the C-terminal regions of large GeFs facilitate membrane recruitment are unknown, the C-termini of different GeFs have been shown to interact with motor proteins (myosin IXb and KIF21A), tethering proteins (p115) and putative scaffolding proteins (KANK).
In addition to Golgi recruitment, GFP-tagged GBF1 has been detected decorating the surface of lipid droplets, suggesting that GBF1 may target to monolayer, as well as bilayer membranes [65, 66] . The association with lipid droplets appears mediated by HDS1-2 because GFP-tagged HDS1 and HDS2 of GBF1 target to lipid droplets (but not to Golgi) in cells when used either individually or in tandem [66, 67] . The association of HDS1 with lipid droplets was shown to be mediated by an amphipathic α-helix at the C-terminus of the domain [66] . However, another study did not detect association of endogenous GBF1 (detected by antibody staining) with lipid droplets [68] . Thus, whether GBF1 is targeted to diverse intracellular lipid surfaces remains controversial.
Together, the deletion and mutagenesis results show that large GeF recruitment involves the participation of multiple domains and likely in a synergistic or interactive fashion. The differences in requirements for membrane association between large GeFs from various species are somewhat puzzling given that yeast, plant and metazoan GBF1/BIGs have been demonstrated on multiple occasions to be remarkably similar with respect to interacting partners and functions [62, 69, 70] . These differences may be the result of subtle differences in the lipid microenvironments of different membranes between different species. Also, within the model of coincidence detection, there may be different complements of interacting partners in different species to accommodate GeF recruitment. For example, yeast have fewer GTPases than mammalian cells and the abundance of different GTPases could permit recruitment of the N-terminus in the absence of the C-terminus.
Regulation of GEF membrane recruitment by small GTPases of the ARF, ARL and RAB families
The ability of the N-terminal regions of large GeFs to target to appropriate membranes suggests that at least some of the specificity of recruitment is mediated by interactions between the N-termini and specific membrane proteins. The N-termini of large ARF GeFs have been shown to bind directly to ARF, ARL and RAB GTPases ( compartments, making them less than perfect to act as compartment-specific zip codes. Due to the high degree of primary sequence conservation (e.g., ARF1-3 share ~97 % identity) antibodies capable of distinguishing between the ARFs typically work only in immunoblots. And there are well-documented concerns in using tagged ARF family members to define their localization in cells [71] . Thus, we lack detailed knowledge of the endogenous localizations of ARFs. One exception to this is ARF3, which is found predominantly at the TGN [72] . In contrast, ARL and Rab proteins show precise selectivity in their subcellular localization, which intuitively makes them good candidates for providing spatial information for GeF targeting. Given the overlap of ARFs, ARLs, and Rabs in cellular compartments, it is tempting to propose a "GTPase code" that identifies individual compartments and perhaps even microdomains of those compartments that are distinct in function. These GTPases together with their GeFs and GAPs would then define a continuum of regulators that in turn define the progression of the various trafficking pathways.
ARF
The N-terminus of BIG2 (amino acids 1-250) binds ARF4 and ARF5 in a GTP-dependent manner and activated ARF4 and ARF5 facilitate membrane recruitment of BIG1 and BIG2 to membranes in cells [54] . The activation cascade for ARF4 and ARF5 has been explored and it appears that GBF1 is the upstream GeF that mediates ARF4/5 activation and subsequent BIG1/2 recruitment. This is consistent with the findings that depletion of GBF1 causes dissociation of AP-1 and GGA3 (coat proteins whose recruitment to the Golgi are regulated by BIG1/2-dependent activation of ARFs at that site) from membranes [73] , and that inactivation of GBF1 during Coxsackie virus infection causes dispersal of BIGs throughout the cell [74] [75] [76] . Furthermore, point mutations (e646G, F481L, F477S, D485G, and F477S) in the HUS domain of the yeast GBF1 ortholog Gea2p cause a loss of TGN structures and reduction in the association of the yeast BIG ortholog Sec7 with membranes [59] . Thus, it appears that one GeF is utilized to regulate membrane recruitment of other GeFs. Of course this only raises more questions of the chicken and egg variety since we now must understand how GBF1, which also targets to eReS, eRGIC and the Golgi, is also selectively recruited to the TGN membrane sites optimized for vesicle budding.
In the yeast S. cerevisiae, ARF1 regulates Sec7p recruitment (and activation) via the HDS1 domain through a feed forward mechanism [63] . This appears to occur through a cooperative mechanism in which a small amount of active ARF leads to increased recruitment of a Sec7p, which in turn quickly generates a considerably larger pool of activated ARF. In addition, Sec7p is activated by its own product ARF1, resulting in a positive feedback loop that generates a localized burst of activated ARF on membranes. The integrated membrane recruitment and activation has been best documented for the small ARF GeFs ARNO/Cytohesin 2 and Grp1 [77] [78] [79] [80] . ARNO recruitment to membranes is stimulated by the binding of its PH domain to activated ARF6 or ARL4 (within the context of phosphoinositide-containing membranes) [77, 78] . The GTPase binding also relieves PH-mediated auto-inhibition and results in active cytohesin [79] [80] [81] . Other non-ARF GeFs also have been shown to be regulated by positive feedback loops including the Ras GeF Sos, and the RhoA GeFs of the Lbc family [82] [83] [84] . In contrast, some ARF GeFs, like the bacterial RalF protein [85, 86] , are thought to be activated as a result of relief of auto-inhibition. In this model, access of the substrate to the Sec7d is blocked until the ARF GeF docks on a specific membrane surface, causing domain reorganization and opening access to the substrate binding site. It is currently unknown whether HDS1 domains in GeFs other than Sec7p also regulate GeF activity.
ARL1
The ARF-like protein 1 (ARL1) binds the N-terminus (amino acids 1-453) of Drosophila Sec71 (BIG1/2 ortholog) and overexpression of ARL1 increases recruitment of Sec71 to membranes in Drosophila cells [53] . ARL1 appears to be required for GeF recruitment because depletion of ARL1 from mammalian cells causes dissociation of BIG1 and BIG2 from membranes [53] . Depletion of ARL1 has no effect on membrane recruitment of GBF1, indicating that different GeFs are recruited by distinct small GTPases. The requirement for activated ARL1 raises the obvious question of what initiates membrane recruitment of the recruiting ARL1.
In S. cerevisiae, ARL1 is recruited by ARL3 (the ortholog of mammalian ARFRP1) and is activated (at least partially) by the ARL1 GeF Syt1 [87] . Overexpression of Syt1p increases ARL1p-GTP production in vivo, and the Sec7d of Syt1 promotes nucleotide exchange on ARL1p in vitro. In contrast, deletion of SYT1 results in the majority of ARL1p being distributed diffusely throughout the cytosol. However, ARL1p appears to be regulated by multiple GeFs as syt1Δ did not show defects in transport, unlike arl1Δ or arl3Δ mutants. This now begs the question of how Syt1 (and the other ARL1 GeFs) is recruited to membranes to activate ARL1. In addition, levels of activated ARL1 are also regulated by the GAP activity of Gcs1p, a protein whose membrane association and activity are regulated by the golgin Imh1p [88] . Imh1p is an ARL1 effector that interacts via its GRIP domain with activated ARL1 to modulate the GTP hydrolysis of ARL1p. Thus a balance of Syt1p, Gcs1 and Imh1p activities defines the levels of active ARL1 on the membrane, and impacts GeF recruitment. The upstream proteins that regulate membrane positioning of Syt1, Gcs1 and Imh1 and perhaps other factors that impact on ARL1 activation and membrane recruitment must be identified and integrated into a complete model for BIG1/2 recruitment.
These findings raise a number of interesting questions regarding BIG1/2 membrane recruitment. Because the N-terminus of BIG1/2 binds ARL1, ARF4 and ARF5, do these GTPases bind cooperatively or do they compete for the same binding domain within BIG1/2? Do ARL1, ARF4 and ARF5 position BIG1/2 at different membrane sites? Does the presence of the ARL1 change the positioning of the GeF within the context of ARF4 or ARF5 and vice versa? Or perhaps the GTPases compete for BIG1/2 and depending on the abundance of ARL1, ARF4 and ARF5, the GeF will be recruited to a different site? These questions must be experimentally addressed to provide clues to the mechanisms that dictate the membrane recruitment of the large GeFs. RAB while ARFs and ARL1 regulate BIG1/2 membrane recruitment, GBF1 recruitment is influenced by a RAB (although the possible involvement of ARLs or ARFs in GBF1 recruitment has not been experimentally excluded).
The N-terminus of GBF1 (amino acids 1-380) interacts directly with RAB1B in a GTP-dependent manner and RAB1B regulates GBF1 membrane association: expression of the GTP-restricted RAB1B mutant (RAB1B-Q67L) increases GBF1 association, while depletion of RAB1B by siRNA decreases GBF1 membrane association [55] (Fig. 2) . The loss of the RAB1-binding region (amino acids 1-294) of GBF1 results in loss of membrane association [55] , but this is unlikely to result solely from lack of RAB1B binding since depletion of RAB1 or expression of the dominant inactive RAB1 doesn't inhibit GBF1 association with membranes. Furthermore, expression of the RAB1B-binding N-terminal domain of GBF1 alone is insufficient to recruit GBF1 to membranes, consistent with a multi-component recruitment mechanism [55] . Genetic interactions between the yeast RAB1 ortholog YPT1 and Gea1/2 (GBF1 ortholog) have been detected, but whether YPT1 binds directly to the yeast GeF is unknown [89] . whether other YPT/RABs may also interact with other GeFs (Sec7/BIG1/2) is under investigation.
The mechanisms through which small GTPases facilitate GeF recruitment to membranes remain to be defined. Possible models include coincidence detection in which all GTPases (and possibly other components) bind simultaneously to initiate recruitment of different GeFs onto a particular site on the membrane. Alternatively, GTPases may bind separately and compete with each other to position the GeF at different sites or at different times. Additional models exist and all must be experimentally tested. 
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Role of lipids and cargo in GEF recruitment
Lipids
Membranes of each compartment/organelle have distinct lipid compositions that may be characterized by enrichment for one or more phosphatidylinositides (PIs). In addition, localized activities of various lipid-metabolizing enzymes such as PI-kinases generate foci of specific and transient lipid composition that often serve a signaling function. Activities of PI kinases are temporally and spatially regulated through numerous signaling pathways and are optimally positioned for providing at least some level of selectivity for GeF recruitment. In agreement with this notion, specific lipid modifications have been implicated in GeF membrane association: inhibition or depletion of the lipid kinase PI4KIIIα causes GBF1 dissociation from membranes [90] . This enzyme catalyzes the phosphorylation of PI to PI(4)P. The function of PI(4)P in GBF1 recruitment is independent of the RAB1 requirement since PtdIns(4) P is not required for membrane association of RAB1, suggesting that PtdIns(4)P and RAB1 act independently, perhaps via a coincidence detection mechanism. In addition, regions of the C-terminus of GBF1 have been shown to directly bind to PI(3,4,5)P 3 and PI(3,5)P 2 , and this binding region is required for GBF1 recruitment to the leading edge in a motile leukocyte [91] .
Cargo proteins
Key questions in the field, alluded to repeatedly above, include: what provides the initial signal for GeF recruitment and how does this signal determine which GeFs are recruited to what compartments and at what time? Recent studies suggest that cargo (the transmembrane proteins destined for packaging into vesicles) may confer specificity to the GeF recruitment/activation process. expression of specific cargo proteins [furin, mannose-6-phosphate receptor (M6PR), and the amyloid precursor protein (APP)] and their arrest either at the Golgi, the TGN or endosomal membranes by experimental blocks resulted in an increased recruitment of ARF-dependent adaptors (AP-1, GGAs, and Mint3) in a cargo-dependent manner [92, 93] . Because adaptor recruitment is dependent on ARF activation, this model system reflects an indirect means of assessing the recruitment/activation of GeFs by the cargo. And because each of these cargos displayed strict specificity in the ARFdependent adaptor recruited at each site we require a model that involves more than a general activation of a GeF. Importantly, cargos do not promote adaptor recruitment to all compartments in which they reside indicating that additional factors regulate the cargo's ability to promote ARF activation and adaptor recruitment. whether the cargo proteins directly bind one or more GeFs was not explored in this study but remains the simplest model to explain the specificity observed in cells. Cargo proteins can and do directly bind (and perhaps activate) GeFs, as shown for BIG2 interaction with the β3IL subunit of the GABA A receptor (amino acids 328-345 of the receptor interact with the C-terminal amino acids 1682-1791 of BIG2) [49, 94] . BIG2 and GABA A R β3IL partially colocalize in hippocampal neurons, and overexpression of BIG2 facilitates GABA A R β3 export from the eR [49] . In support for cargo-GeF coupling, microinjection of anti-BIG2 antibodies blocks GABA receptor activity at the cell surface [95] . Similarly, BIG1 interacts with the ATP-binding cassette transporter A-1 (ABCA1) [49, 94] . BIG1 depletion reduced surface ABCA1 on HepG2 cells, while BIG1 overexpression increased surface ABCA1. Thus, a cargo can interact with a GeF, and the presence of the GeF subsequently affects cargo traffic and function through the recruitment of ARFs, and consequently ARFdependent adaptors, but also likely through recruitment or actions on other proteins.
That cargo may regulate its own traffic within select compartments by facilitating GeF action is further suggested by the findings that depletion of GBF1 causes different cargos to arrest in different compartments: while the adhesion protein integrin-α5 and the viral glycoprotein vSv-G are both retained in the eR, another adhesion factor e-selectin ligand 1 (eSL-1) arrests in cis-Golgi elements [39, 96] . Furthermore, GBF1 is not required for traffic of all cargos, and the adhesion proteins laminin and fibronectin are both efficiently trafficked and secreted in cells depleted of GBF1.
Another possible mechanism for cargo-mediated GeF recruitment could be through interactions between coats and GeFs. Cargoes directly interact with coat components and coats have been shown to interact with GeFs [97] [98] [99] . Thus, a cargo-coat complex could generate a temporally and spatially defined GeF recruitment site. In support of this model, the γ-COP subunit of the COPI coat binds the N-terminal (amino acids 434-521) region of yeast Gea1p and (amino acids 1-894) of its mammalian ortholog GBF1 [100] . The binding is enhanced by disruption of the DCB-HUS interaction in GBF1, suggesting that it may be modulated by conformational changes in the N-terminus of GBF1.
The N-terminal portion of GBF1 also interacts with Golgi-localized γ-ear-containing ARF-binding proteins (GGAs), adaptor molecules for clathrin recruitment that are important in traffic from the TGN to endosomes [73] . GGA1, GGA2, and GGA3 have been shown to bind GBF1 by co-immunoprecipitation and yeast two-hybrid analyses. The interaction is mediated by the vHS domain in the case of GGA1.
Cargo-GeF and coat-GeF interactions seem optimal for defining sites and times of GeF engagement as it seems wise to couple cargo directly to the traffic machinery so as to engage GeFs only when there is something to transport. Cargo/coat-GeF interactions also are well suited for amplification cascades in which cargo proteins transiently enrich coats on regions of the membrane that would subsequently recruit GeFs which will increase a restricted and local concentration of ARF to recruit more coats and then more GeF to further stimulate the coating process in a forward stimulatory loop. This would provide a rapid and highly localized burst of vesicle biogenesis within a cargo-defined area. Importantly, in this model cargo may be viewed as the upstream signal (ligand equivalent in GPCRs) that regulates the time and site of vesicle formation through activation of the GeF activity.
The coupling of cargo with GeFs may well be part of an even larger complex or assembly of components in a GTPase pathway that provides specificity as well as spatial and temporal control to the process. Such assemblies likely include GAPs and other effectors in addition to the initiator (cargo), GeFs and GTPases. For example, recent findings show that cargo sorting/packaging machinery exemplified by ARF-GAPs might also affect GeF function: the Drosophila ortholog of GBF1, Garz, has been shown to interact genetically with the ARF1 ortholog ARF79F and with the ARF1-GAP ortholog Gap69C [64] . whether this interaction is conserved in other species and whether the ARF GAP influences the positioning and/or activity of the GeF is unknown.
Regulating GEF activity
In addition to recruitment to the membrane, another level of GeF regulation that is poorly understood is the extent and mechanisms of activation of the GeF activity itself. In this section we describe and discuss what is currently known about the regulation of the catalytic process that speeds the release of GDP and activation of the ARFs.
Activation by release of auto-inhibition S. cerevisiae Sec7p localizes to the TGN and is regulated by both positive feedback and release of auto-inhibition [63, 101] . The positive feedback arises through the stable recruitment of Sec7p to membranes via its HDS1 domain mediated by activated ARF1, as discussed above. In addition, the catalytic activity of Sec7p appears to be auto-inhibited, as revealed by assaying recombinant fragments of Sec7p in in vitro ARF GeF assays. The auto-inhibition is mediated by HDS1 and is relieved by binding to activated ARF within the context of lipid membranes. whether all large ARF GeFs are auto-inhibited in vivo is currently unknown, but it seems prudent for a cell to keep its GeFs catalytically inactive until correctly positioned and engaged in a productive functional cycle. Such a mechanism is certainly not inconsistent with other families of GeFs. Cytohesins and the bacterial GeF RalF are known to be auto-inhibited in a similar manner. However, it is worth noting that auto-inhibition and positive feedback may not be linked for all GeFs. For example, in RalF auto-inhibition occurs but is not linked to a positive feedback loop [86, 102, 103] .
Potential activation by Gmh1p
The transmembrane protein Gmh1p interacts with the yeast orthologs of GBF1, Gea1/2p (Table 1 and Fig. 2 ) [69] . Gmh1p is highly conserved across species and localizes to the cis-Golgi in yeast and mammalian cells. Gmh1p doesn't appear to regulate Gea1/2p association with membranes since Gea1/2 are still membrane associated in cells lacking Gmh1p. However, over-expression of Gmh1p in cells with mutations in Gea1p rescues cell viability and retrograde traffic defects, suggesting a functional relationship (perhaps through stimulating Gea1p activity) between the two proteins. This interaction is conserved in the C. elegans ortholog of Gmh1p, UNC-50, and defects in UNC-50 that prevent its interaction with the worm GBF1 ortholog cause defects in nicotinic receptor traffic [70] . while clearly important, the exact role Gmh1 plays in GeF function remains unknown.
Network regulation of GEF function: integrating GEFs with other traffic regulators
It makes intuitive sense that GeFs would be recruited to membrane sites and activated in conjunction with other traffic regulators to ensure that vesicles are formed only when all of the traffic machinery is available to facilitate subsequent steps of membrane deformation, vesicle maturation, scission, transport, tethering and fusion. In such a model, other traffic regulators may also provide spatiotemporal information for the GeFs. In support, numerous traffic regulators have been shown to interact with GBF1, BIG1 and BIG2 or their orthologs (Table 1) . Here we describe a number of proteins found to bind one or more of the large GeFs and speculate as to their relevance with regard to function, as data to posit more specific models are lacking.
Lipid flippases
The yeast GBF1 homolog Gea2p binds the yeast phospholipid flippase Drs2p [104, 105] . Phospholipid flippases mediate the transfer of phosphatidylserine (PS) between the lumenal and the cytoplasmic leaflet of membrane bilayers, thus inducing curvature [106] . Such membrane remodeling is necessary for membrane deformation that precedes vesicle scission. The flippase-GeF interaction is mediated through the cytosolic C-terminal tail of Drs2p (amino acids 1230-1355) and a domain within the C-terminus of Sec7d of Gea2p (Fig. 2) . Disruption of the interaction between Gea2p and Drs2p by the v698G mutation in Gea2p produces major traffic defects in yeast, suggesting that the interaction is functionally important [104] . In support of this conclusion, in vitro assays showed that Gea2p has a stimulatory effect on the flippase activity of Drs2p [105, 107] . whether the flippase may also influence the activity of the GeF is currently unknown. However, these results suggest a direct coupling between the machinery facilitating cargo selection and coating (GeFs) and machinery inducing membrane deformation (flippases), perhaps to coordinate their activities in the formation of a nascent vesicle.
Motor proteins BIG1 interacts with the plus-end directed microtubule motor KIF21A: the C-terminus of BIG1 (amino acids 886-1849) binds the C-terminus of KIF21A (amino acids 999-1661) [108] (Table 1 ). KIF21A and BIG1 partially colocalize in cells and depletion of either protein alters the localization of the other [108] . Both BIG1 and KIF21A also bind KANK1, the product of the Kank gene, which encodes an ankyrin repeat-containing protein from kidneys, originally identified in the region showing a loss of heterozygosity in renal cell carcinoma [109, 110] . KANK1 is a regulator of actin remodeling dynamics and motility, but has no apparent enzymatic function, suggesting that it may work as an adaptor or a scaffold protein. Depletion of BIG1 or KANK1 phenocopy each other in wound healing assays in which cells lose the ability to polarize and reorganize their cytoskeleton to form a leading edge [109] . It is possible that BIG1 and KANK1 work together to facilitate directional traffic of adhesion proteins, but the mechanism of KANK1 involvement in GeF function is unclear.
BIG1 also interacts with the actin based motor myosin IXb: the C-terminus of BIG1 (amino acids 1305-1849) binds the C-terminus of myosin IXb (1532-1855) [111] . This interaction appears to have no effect on the catalytic activity of BIG1, but BIG1 binding inhibits the RhoGAP activity of myosin IXb and prevents Rho from binding to myosin IXb. The binding of myosin IXb and KIF21A appears to occur within the same C-terminal domain of BIG1, raising the possibility that these motors compete for the GeF, perhaps resulting in the generation of distinct classes of transport vesicles. BIG1 and BIG2 have been shown to co-precipitate with non-muscle myosin IIA and depletion of BIG1 or BIG2 enhanced phosphorylation of myosin regulatory light chain (T18/S19) and F-actin content, which impaired cell migration in Transwell assays [112] . Thus, BIG1/2 appear to regulate myosin IIA function and processes that influence traffic of adhesion molecules. whether the converse is true, i.e., whether the interaction with myosin influences GeF function, is unknown.
Collectively, these findings show that GeFs may influence the activity of actin-based motors with which they interact (e. g., myosin IXb and non-muscle myosin IIA), but that interactions with motor proteins don't appear to regulate GeF recruitment or activity. However, the direct interactions between GeFs and motor proteins may be required for directional traffic, perhaps to ensure that vesicle production is coupled to motor-driven vectorial transport.
Tethering factors GBF1 and its yeast orthologs Gea1/2 interact with multiple tethers operational at the eR-Golgi interface, including p115, COG and TRAPPII (Table 1 ; Fig. 2 ). The C-terminal proline-rich region (amino acids 1762-1859) of mammalian GBF1 binds directly to the N-terminal globular head (amino acids 1-766) of p115 [44] . The p115 tether is required for eR-Golgi traffic and cells depleted of p115 arrest cargo at the eR [113] [114] [115] . Disruption of GBF1-p115 interaction does not affect GBF1 targeting to membranes. However, overexpression of the p115-binding proline-rich domain of GBF1 in cells causes disruption of the Golgi, suggesting that the p115-GBF1 interaction might be functionally relevant [44] .
The N-terminus of Gea2p (amino acids 1-550) interacts with the Cog4 subunit (amino acids 331-860) of the COG complex [116] (Fig. 2) . COG mediates vesicle tethering within the Golgi and lack of COG function results in untethered COPI vesicles accumulating near Golgi cisterna [117] [118] [119] [120] [121] . The functional relevance of the GeF-COG interaction has not been determined.
Gea2 also interacts with the TRAPPII complex; specifically, the C-terminal 801 amino acids (759-1460) of Gea2p bind the Trs65 subunit (amino acids 303-561) of the TRAPPII complex [122] (Fig. 2) . TRAPPII is essential for Golgi homeostasis [123] [124] [125] . In addition to being a tether, TRAPPII is also a GeF for Ypt1p, the yeast ortholog of human RAB1B [123] . Gea2p and TRAPPII partially colocalize in cells, but their interaction does not have an effect on the exchange activity of either GeF. However, their functions are linked since recruitment of TRAPPII to membranes appears to be ARF-dependent and ARF activation is mediated (at least in part) by Gea2p. Similarly, TRAPPII GeF activity on Ypt1p promotes Gea2p recruitment to membranes (described previously). This intertwined relationship may facilitate vesicle formation where Gea2p activates ARF which promotes COPI recruitment and also TRAPPII recruitment. TRAPPII, which interacts with COPI [126] , could then stabilize COPI on vesicles in synergy with Gea2p. TRAPPII-mediated activation of Ypt1 would further stimulate Gea2p recruitment in a forward feedback loop. In addition, genetic interactions between ARF1 and another component of TRAPPII, TRS130, in yeast have been described [127] .
Although experimental evidence is available only for different GeFs within the GBF1/Gea subfamily, it is likely that GBF1/Gea1/2 interact with all three tethers (p115, COG and TRAPPII). As diagrammed in Fig. 2, p115 , COG and TRAPPII bind to distinct regions within GBF1/Gea1/2, raising the possibility that all these interactions might be simultaneous. Of course, it is also possible that GeF pairing with a specific tether occurs at different sites. This is supported by the slightly different distribution of the three tethers at the eR-Golgi interface (p115 is most cis-while COG is more medial and TRAPPII appears more distal), making it more likely that GeFs interacts with different tethers at distinct membrane sites [114, [128] [129] [130] [131] [132] .
BIG2 also has been shown to interact with a tether: the N-terminus of BIG2 (amino acids 1-643) binds the fulllength splice variant of the exo70 subunit of the exocyst tethering complex [133] (Table 1) . BIG2 and exo70 colocalize at the microtubule organizing center (MTOC) and treatment with BFA disrupts the perinuclear localization of exo70 suggesting that exocyst recruitment is dependent on GeF-mediated ARF activation. The role of the exocyst in BIG2 function is unknown. The interactions between GeFs (required for vesicle formation) and tethers (required for vesicle tethering prior to fusion) are especially interesting because they suggest that the mechanisms for vesicular fusion could be imprinted on a vesicle as it is forming. Thus, GeFs may impart or contribute to future targeting information on the forming vesicle.
Multi-nodal coincidence detection for positioning and activating GEFs at membranes?
The evidence reviewed above suggests that the association of GeFs with membranes is regulated through multiple domains and through multiple cellular components. This strengthens the currently favored model of coincidence detection where the functionally important association of GeFs occurs on membrane sites primed for vesicle budding through numerous distinct pathways involving small GTPases, lipids, cargo and cytosolic factors. The ever-increasing number of proteins shown to interact with GeFs complicates the analysis and makes it difficult to propose simplistic models of GeF recruitment and activation. even for the known interactors described in Table 1 and Fig. 2 , we lack a comprehensive knowledge of their functional relevance and still need to understand the interplay between all the binding partners in regulating GeF activation. Identifying all the components that together constitute a coincidence detection network for each GeF within the context of each cargo, ARF and coat represents a major challenge in the field.
Effects of cell physiology on GEF function
The cellular demand for secretory traffic changes in response to a number of environmental or internal cues so it is reasonable to suggest that as key regulators, the large ARF GeFs may be regulated in response to such cues. This may occur by cell-wide up-regulation of all GeFs to amplify the entire secretory/endocytic pathway, or through selective changes that regulate only one or a few specific GeFs. Our knowledge of how GeFs respond to physiological and developmental stimuli is minimal. Some of the stimuli might be intrinsic such as progression through the cell cycle and nutrient availability, and some could be triggered through signaling pathways in response to external ligands. In addition, cells in certain "professional secretory" tissues, such as liver, may possess the ability to more acutely regulate the expression of GeFs to meet changing demands for secretory traffic.
Cell division entry of cells into mitosis is paralleled by inhibition in secretory protein traffic and the disassembly of the Golgi [134] [135] [136] . These changes occur at least in part through the actions of protein kinases [137] , particularly the cyclin-dependent kinases (CDKs). A number of regulators and components of membrane traffic are phosphoproteins and consequences of such modifications include changes in protein-protein interactions and in association with membranes, with consequent loss of activity during mitosis [138] [139] [140] [141] [142] [143] [144] [145] . For example, human GBF1 has been found to be phosphorylated at 40 different residues in at least one proteomics study and at least 28 of these sites have been confirmed in at least two additional independent studies (www.Phosphosite.org). The vast majority of these sites have not been studied for functional consequences. However, GBF1 is phosphorylated by cyclin-dependent kinase 1 (CDK1), causing its dissociation from Golgi membranes in mitosis (Fig. 3a) [146] . The CDK1-mediated dissociation of GBF1 from membranes may be at least partially responsible for the inhibition in protein secretion and Golgi disassembly observed in dividing cells.
3
The key role of mitotic kinases in modulating GeF function suggests that other kinases may regulate GeF activation in interphase cells in response to environmental factors. In support, recent studies (described below) show that GeF's recruitment to membranes and/or activities are regulated in response to environmental conditions.
Growth conditions GBF1 appears to be inhibited under conditions of cellular stress. GBF1 is phosphorylated on threonine 1337 by the nutrient responsive AMP-activated protein kinase (AMPK) in cells treated with 2-deoxyglucose (2-DG), which blocks glucose utilization and increases intracellular AMP levels [147] . The 2-DG treatment causes fragmentation of the Golgi that can be reversed by expressing a GBF1 mutant in which threonine 1337 is replaced by alanine and thus can't be phosphorylated. This suggests that the Golgi fragmentation phenotype caused by 2-DG is mediated by an AMPKinduced defect in GBF1. Importantly, GBF1 remains associated with the fragmented Golgi in cells treated with 2-DG, indicating that the AMPK-induced defect is not in GBF1 membrane recruitment, but may involve the catalytic activity of GBF1.
The cellular levels of cAMP fluctuate in response to nutrient availability and influence the activity of protein kinase A (PKA). BIG1 and BIG2 are substrates of PKA and are both phosphorylated in response to elevated cellular cAMP levels [148] . The phosphorylation affects the membrane association of BIG1 but not BIG2: BIG1 is released from the Golgi and translocated to the nucleus, while BIG2 remains associated with the TGN. Mutating the putative PKA phosphorylation site in BIG1 (serine at position 883 replaced with alanine) prevents the relocation of BIG1 into the nucleus, whereas replacement with aspartic acid (which mimics phosphorylated serine) causes nuclear accumulation of BIG1 even without increasing cellular cAMP level [149] . In contrast to its differential effects on localization, PKA-mediated phosphorylation inhibits the catalytic activity of both BIG1 and BIG2 [148] . Incubation of BIG1 or BIG2 immunoprecipitated from cells with PKA catalytic subunits and ATP in vitro results in their phosphorylation and significantly decreases their GeF activity. BIG1 is phosphorylated by PKA on multiple sites including serine 883 located at the very C-terminus of the catalytic Sec7d. This region of the Sec7d is required for binding the ARF substrate since substitution of the KIAM motif within BIG2 with alanines inhibits ARF binding [150] . Thus, the PKA-mediated phosphorylation of BIG1 may directly interfere with substrate binding. BIG2 lacks serine 883, but is nevertheless inhibited by PKA-mediated phosphorylation; possibly another site within the Sec7d (or elsewhere) is phosphorylated in BIG2 to inhibit its activity.
These findings suggest a fine-tuned balance of phosphorylation (and dephosphorylation) reactions that allow for modulation in the levels of membrane-associated GeFs or in direct regulation of the GeF catalytic activity. It appears that both the Sec7d and those outside can be the targets of kinase-mediated regulation. These findings also illuminate the close link between physiological status of the cell and ARF activation, and the need to elucidate the details of the signaling pathways that bridge the cellular homeostasis with GeF phosphorylation and perhaps other as yet undetected modifications. It is likely that additional signaling pathways modulated by nutrient levels and other physiological parameters regulate cellular activities of GeFs. Availability of binding partners and other traffic regulators Steady-state levels of BIG2 protein are influenced by the presence of its binding partner, filamin A (an actin-binding protein that is essential for motility of neurons [151, 152] ). The amount of BIG2 in cells was significantly increased in neuronal cells acutely depleted of filamin A by siRNA and in filamin A-null neural progenitor cells [153] . whether this regulation is at the transcriptional or post-transcriptional level is unknown. These findings indicate that any changes in filamin A homeostasis will influence the levels (and perhaps overall activity) of BIG2 and suggest the possibility that other partners may share this ability to regulate the levels of GBF1/BIG family proteins.
Not only direct binders can affect steady state levels of GeFs. Depletion of the soluble N-ethylmaleimide-sensitive factor attachment protein α (αSNAP) by siRNA in cultured epithelial cells has been shown to stimulate autophagy, decrease mTOR signaling and lead to Golgi fragmentation [154] . Loss of αSNAP also results in the down-regulation of GBF1, BIG1 and BIG2 proteins. The mechanism through which αSNAP depletion decreases GeF levels is unknown and thus could be transcriptional or post-transcription.
RAB1B is one of the key regulators of traffic at the eR-Golgi interface [155] [156] [157] [158] . As discussed previously, RAB1B directly binds GBF1 and promotes GBF1 recruitment to membranes. However, RAB1B also has transcriptional effects: overexpression of RAB1 in HeLa cells coordinately induced enlargement of the Golgi and up-regulated mRNA levels of GBF1 and numerous other traffic regulators such as KDeLR3 and GM130 [159] . The signaling pathway responsible for this induction requires the activity of the p38 mitogen-activated protein kinase and the cAMPresponsive element-binding protein consensus binding site in promoter regions of the target genes. whether RAB1B also modulates expression of BIG1/2 was not monitored in this study. RAB1B expression has been shown to increase in a secretory thyroid cell line (FRTL5) in response to thyroid-stimulating hormone (TSH). It is likely that such hormonal stimulation induces RAB1B-mediated increase in numerous factors required to elicit a specific TSH response. These results stress a close relationship between components of the traffic machinery, and imply that cellular surveillance monitors levels of traffic proteins and coordinately regulates their levels.
Developmental regulation
The Drosophila GBF1 ortholog Gartenzwerg (Garz) is expressed ubiquitously during development. However, Garz mRNA is enriched in organs exhibiting tubular structure or glandular function such as salivary glands, trachea, and the hindgut, consistent with high demand for protein traffic in these tissues [160] . whether this enrichment is due to increased transcription or mRNA stability is unknown. The developmental profile of Garz expression in the developing larva is available on FlyBase at http://insitu.fruitfly.org/cgibin/ex/report.pl?ftype=0&ftext=garz and a single snapshot is shown in Fig. 3b .
In Drosophila, the transcription of a variety of genes acting within the secretory pathway is mediated by the CrebA transcription factor [161] . This system appears conserved in mammalian cells and expression of the CrebA ortholog Creb3L1 in HeLa cells induced expression of numerous genes related to secretion [162] . GBF1, BIG1 and BIG2 were not analyzed in that study.
Alternative splicing may also contribute to GeF regulation. Splice variants of GBF1 have been identified in CHO cells, with three positions displaying small in-frame deletions and insertions [43] . Comparison of variants with larger deletions defined regions of 75 (exons 5-7) and 412 (exons 31-39) amino acids that differentially affected GBF1 function (were required for cell killing but were dispensable for promoting BFA resistance). This suggests that different splice variants (with different characteristics) might be produced in cells in response to different cellular conditions. The distribution of different splice forms of GBF1 during development or within an adult organism is unknown, as are the factors that may influence alternative splicing of the GBF1 gene.
Differential splicing mechanisms also are likely to regulate BIG1 and BIG2 function. In mice, BIG2 has been shown to possess a splice variant lacking exon 7 [163] . while both splice variants are present in all tissues, the relative abundance of these species is altered, suggesting different functions in different tissues.
These findings suggest transcriptional and post-transcriptional inputs into the regulation of steady state levels of functionally distinct isoforms of GeFs. The signals and pathways that regulate the production of distinct GeF isoforms in different tissues at different times remain to be elucidated.
Outstanding questions and future perspectives
Large ARF GeFs are highly conserved traffic regulators of vesicular traffic in all eukaryotic cells. The molecular details of how these and other GeFs act as catalysts of ARF activation has been defined at the atomic level. Similarly, the localization and cellular functions of large GeFs have been extensively studied and we have a number of emerging stories on the identification of specific binding partners and how those interactions may regulate GeF location or function. In contrast, the upstream regulators of GeFs are poorly characterized and we are still far from understanding the mechanisms that ensure that GeFs are selectively positioned and activated only at the sites programmed for vesicle budding.
Major questions regarding both the signals that initiate GeF activation and the pathways that link the initial signal with the GeF remain unanswered. It is very likely that characterization of the non-catalytic domains of GeFs and their interactors will be essential to uncover upstream and downstream regulators that may control GeF specificity. Future research will aim to identify all the factors that regulate large GeF functions, and elucidate how incoming signals are integrated and transduced to impart selectivity to vesicular traffic. we also must identify the environmental and developmental conditions that regulate the transcription and translation of functionally distinct GeF isoforms in different tissues. Finally, we need to explore the longterm regulatory mechanisms that respond to hormonal and physiological cues that alter GeF function and impact secretory capacity of cells in response to developmental cues. Only with an understanding of these issues and linkage to the roles of these large GeFs in providing specificity to ARF activation and signaling will we be positioned to explore opportunities for modulating these essential processes in designed fashions.
